Abstract: Nafion, an ionomer composed of perfluorocarbon backbone and vinyl ether side chains terminated with -SO 3 -groups, has dual solubility parameters, i.e. , ε=46.6) solutions, reported by Lousenberg, using size exclusion chromatography incorporating static light scattering detection. The <R G > data obtained from SLS measurements were compared with the particles sizes of transmission electron microscope (TEM) observations of freeze dried Nafion thin films prepared on copper grids with 0.6 mg/ml Nafion solutions. Comparable results were obtained from these two observations.
Introduction
Nafion is an ionomer produced by Du Pont and consists of a perfluorocarbon backbone and vinyl ether side chains terminated with sulfonic acid groups [1, 2] . The two chemical compositions of Nafion, i.e. hydrophobic perfluorocarbon backbone and hydrophilic sulfonated vinyl ether side chains, are incompatible. Yeo [3] , using swelling method, determined the cohesive energy density of Nafion membrane and showed dual solubility parameters δ, i.e. δ 1 = 9.7 (cal/cm 3 ) 1/2 ascribed to the perfluorocarbon backbone and δ 2 = 17.3 (cal/cm 3 ) 1/2 ascribed to the sulfonated vinyl ether side chain. Nafion membranes have unique properties with respect to stability, solubility, and ionic conductivity, which make them suitable for a variety of applications [4] . From mid-1980s, it has become an indispensable part for the polymer fuel cell research and electric vehicle development. Besides its application as the proton-exchange membrane, Nafion is also used in solutions form for casting into the membrane-electrode assembly (MEA), a fuel cell electrode for transporting both ions and electrons [5, 6] . An important step in the modification of Nafion membranes is the recast process, in which a film is formed after evaporating the solvent from an ionomer solution. The solution casting film is of great interest in order to repair pin holes in Nafion chlor-alkali membranes [2, 7] or for coating of modified electrodes [8] [9] [10] [11] [12] . For a fundamental understanding of these processes, detailed knowledge of Nafion solutions properties and its molecular weight is a prerequisite.
Numerous studies have been devoted to the structure of perfluorinated ionomer membranes [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] . Comparing to the membrane structure of Nafion, however, little is known about the nature and structure of Nafion molecules in solutions. The structures of Nafion molecules in water and aliphatic alcohols had been investigated using small angle neutron scattering (SANS) and small angle X-ray scattering (SAXS) for Nafion concentrations ranging from 5 to 20 wt% and using electron spin resonance (ESR) for Nafion concentrations ranging from 1 to 22 wt% [23] [24] [25] [26] . These experimental results revealed Nafion perfluorocarbon backbones aggregated and formed compact cylinders in solvents with sulfonated vinyl ether side chains surrounding on the surfaces of the aggregate cylinders and the sulfonated vinyl ether side chains were in contact with solvents. Dynamic light scattering (DLS) experiments were carried out in 10 mg/ml Nafion/ ethanol-water (50/50 vol ratio) [27] , 5.3 mg/ml Nafion/ water [28] , and 0.2 mg/ml ~ 9.0 mg/ml Nafion/methanol-water (methanol/water= 4/1 g/g) solutions [29] . Two different sizes of Nafion aggregate particles were found as Nafion concentration was above 5 mg/ml in water, methanol, and ethanol solvents. The authors attributed these two aggregates to the hydrophobic interaction of fluorocarbon backbones and the electrostatic attraction of side chain sulfonic ion pairs. Nafion solutions are supplied by Du Pont Co using mixture of water alcohols as solvent. It might be the reason of the aggregations of Nafion in alcohol and water; few papers reported Nafion molecular weight measurements. Lousenberg [30] , using a size exclusion chromatography (SEC) incorporating static light scattering (SLS) detection and viscosity measurements reported aggregation behavior of Nafion (EW=1000) molecules in aqueous solutions with a Nafion concentration of ~2 mg/ml. He reported broad apparent weight-average molar masses ranging from 1.3x10 6 to 3.9x10 6 g . mol -1 for the aggregated particles. However, upon heating of the dispersions at or above 230 o C, the aggregate structure was broken down, and Lousenberg obtained a mono-modal mass distribution of Nafion in the dimethyl sulfoxide (DMSO) solution with an M w = ~2.5x10 5 g . mol -1 . As far as we know, this was the first paper reporting the measurement of Nafion molecular weight. Lousenberg datum was quite close to that reported by Alderbert et al [23] . They mentioned M w = ~2.0x10 5 g . mol -1 of Nafion (EW=1100), which was obtained from a personal communication with Du Pont Co.
In the present work, using static light scattering (SLS), we report Nafion molecular weight measurements in dilute N,N'-dimethyl formamide (DMF, solubility parameter δ=12.2 (cal/cm 3 ) 1/2 , dielectric constant ε=36.7) [32, 33] and N,N'-dimethyl acetamide (DMAc, δ=10.8 (cal/cm 3 ) 1/2 , ε=37.8) [32, 33] solutions. The Nafion concentrations in these dilute solutions were in the range of 0.2 ~ 1.0 mg/ml, which were lower than the Nafion concentration (2 mg/ml) used by Lousenberg [30] for a molecular weight distribution measurement using a SEC incorporating SLS detection. The δ=12.2 (cal/cm 3 ) 1/2 of DMF and δ=10.8 (cal/cm 3 ) 1/2 of DMAc are close to the δ 1 = 9.7 (cal/cm 3 ) 1/2 of Nafion perfluorocarbon backbones. Thus Nafion is soluble in these two solvents and few polymers aggregated in the solutions when Nafion concentrations were lower than 1.0 mg/ml. The low ε of DMF and DMAc lead to low polyelectrolyte effect of Nafion in DMF and DMAc solutions. The transmission electron microscope (TEM) was also used to investigate Nafion particles sizes of a freeze dried thin film prepared on a copper grid with 0.6 mg/ml Nafion solution. Comparing R G data of SLS measurements with the particles sizes of TEM observations, we found good agreement between these two observations.
Results and discussion

SLS study
The scattered light intensity from a polymer solution is given by [34] :
where
is the excess Rayleigh ratio of the solution at a scattering angle θ , λ the wavelength of incident light, R G the radius of gyration of Nafion in the solutions, and A 2 the second virial coefficient. For vertically polarized incident radiation, the optical constant, K, is given by:
where n o is the refractive index of solvent, dn/dc the refractive index increment of Nafion solution, N A the Avogadro's number. Zimm plots were constructed and extrapolated to zero concentration and zero scattering angle using Eq. 1.
The refractive indices n o of DMF and DMAc solvents obtained from ref. 32 and the refractive increments dn/dc of Nafion in DMF and DMAc solutions obtained at 25 o C using a RF600 differential refractometer measurements are shown in Table 1 . The Zimm plots of Nafion/DMF and Nafion/DMAc solutions are shown in Fig. 1 and Fig. 2, respectively. The linear extrapolation of KC/ΔR θ to C→0 and θ→0 are also shown in these figures. The M w, A 2 , and <R G > of two Nafion solutions were obtained from the intercepts and slopes of the extrapolated data (i.e. C→0 and θ→0) of Zimm plots using Eq. 1, and are shown in Table 1 Table 1 , we found M w data obtained from Nafion/DMF and Nafion/DMAc solutions were close to M w data reported by Lousenberg and Aldebert et al., indicating the accuracy of M w measurements from Nafion/DMF and Nafion/DMAc solutions.
With a MW of 2.5x10 5 and an EW of 1100 and assuming a statistical copolymerization, we take each perfluorocarbon backbone block between two side chains of a Nafion as a Kuhn segment, which consists of about 7.5 fluoroethylene (CF 2 -CF 2 -) units with a C-C bond length of 1.5 Å. We obtain 7.5x(MW/EW)=1705 fluoroethylene units with an extended contour length L c = 0.15x2x1705= 511 nm for a Nafion perfluorocarbon main chain. Assume Kuhn's segmental length l K to be the length of one backbone block between two side chains, which consists of 7.5 CF 2 -CF 2 -units, then l K = 7.5x0.15x2= 2.25 nm. The number of Kuhn's segment n K for a Nafion molecular main chain is n K = 2.5x10 5 /1100= 227. For a linear polyfluoroethylene without side chains with l K =2.25 nm and n K =227, the end-to-end distance h and radius of gyration R G are h= (l K L c ) 1/2 = 33.9 nm and <R G >= (l K L c /6) 1/2 = 13.8 nm, respectively, assuming a linear Gaussian chain in a θ-solvent. Table  1 should be reasonable results.
Since the solubility parameters of DMF and DMAc are close to the solubility parameter of Nafion perfluorocarbon backbone (δ 1 = 9.7 (cal/cm 3 ) 1/2 ), DMF and DMAC are compatible with perfluorocarbon backbones and few Nafion molecules aggregate in these solutions. SLS measurements show positive A 2 values of Nafion/DMF and Nafion/DMAc solutions, indicating good compatibility of Nafion with DMF and DMAc.
Because the δ 1 of Nafion perfluorocarbon backbone is closer to the δ of DMAc than to the δ of DMF, Nafion is more compatible with DMAc than with DMF. Thus Nafion/DMAC solution has a higher A 2 value than Nafion/DMF solution. The better compatibility of Nafion with DMAc than with DMF also causes Nafion molecules to have larger chain expansion and larger <R G > in DMAC than in DMF. Figure 3 and Figure 4 show TEM micrographs of Nafion thin films prepared from 0.6 mg/ml Nafion/DMF and Nafion/DMAc solutions, respectively, and freeze dried on copper grids. These micrographs show that Nafion molecules have sphere-like structures in DMF and DMAc solvents. In the TEM micrographs, particle sizes distributions were observed in both solvents. Lousenberg data [30] showed the polydispersity of Nafion molecular weight was M w /M n = 1.7 ~ 1.8 with polymer molecular weight distributed from 2. Fig. 3 . TEM micrograph (x10 5 ) of a thin film of 0.6 mg/ml Nafion/DMF solution after freeze dried on a copper grid.
TEM study
The non-monodispersity of Nafion might be the reason for the distributions of Nafion particles sizes shown in TEM micrographs. The sphere diameter D of polymers in dilute solutions can be calculated from SLS <R G > data using the relation <R G 2 >= 3D 2 /20 [34] . The D data of Nafion molecules in DMF and DMAc solutions calculated from SLS R G data are also summarized in Table 1 . Comparing the D data (Table 1) estimated from <R G > with TEM micrographs of Nafion in DMF (Fig. 3) and DMAc (Fig. 4) solutions, we found the results between these two observations were close. 92 nm Fig. 4 . TEM micrograph (x10 5 ) of a thin film of 0.6 mg/ml Nafion/DMAc solution after freeze drying on a copper grid.
Conclusions
By proper choosing of solvents, we successfully performed SLS measurements of Nafion solutions. DMAc and DMF solvents have solubility parameters close to the solubility parameter δ 1 of Nafion perfluorocarbon backbones and have low dielectric constants. Thus few Nafion molecules aggregate in dilute DMF and DMAc solvents. Also, the Nafion molecules have low polyelectrolyte behaviour in these two solvents. The M w data obtained from SLS measurements were in good agreement with that obtained from Nafion in dilute DMSO solutions, which was reported by Lousenberg, using a SEC incorporating SLS detection. The wavelength of incident light of Lousenberg SLS detection was λ= 800 nm. For polymer solutions with low dn/dc values, this incident light causes weak scattering signal. Thus Lousenberg used DMSO as a solvent for Nafion molecular weight measurements, because of high dn/dc=-0.059 cm
Experimental part
Preparation of Nafion solutions
The solvent of the as received Nafion solution (Du Pont Co., 5 wt% of Nafion and 95 wt% of aliphatic alcohol and water solvent mixture, with -SO 3 H equivalent weight (EW) of 1100) was evaporated at 60 o C under vacuum for 2 hr to obtain a solid Nafion resin. Nafion solutions with concentrations of 0.2 ~ 1.0 mg/ml were prepared by mixing solid Nafion resin with DMAc and DMF solvents. All the solvents were chemical reagents and purchased from Aldrich Chemical Co. The polymer solutions after dialysis against the solvents with a Spectra Pore membrane (MWCO= 3000) to ensure equal chemical potential between solutions and solvents were filtered through a 0.45 μm Millipore filter, and were then used for refractive index increment dn/dc and SLS measurements.
SLS measurements
A RF600 differential refractometer (C.N. Wood, PA) was used to determine Δn (the refractive indices difference between a solution and its solvent) of polymer solutions.
The measurements were carried out at λ= 436 and 546 nm for Nafion concentrations ranging from 0.2 mg/ml to 1.0 mg/ml and calibrated using NaCl aqueous solutions [31] . The differential refractive index increments dn/dc at λ= 436 and 546 nm of a Nafion solution were obtained from the slope of Δn against Nafion concentration with Nafion concentrations of 0.2 mg/ml ~ 1.0 mg/ml. The dn/dc values at λ= 514 nm, which were used for SLS calculations, were obtained from the interpolation of dn/dc data at λ= 436 nm and λ= 546 nm. A BI-200SM goniometer with a photometer designed in a BI2030AT correlator (Brookhaven Co, NY) and an Ar ion laser (λ=514 nm, Lyconix, operated at 100 mW) were used for SLS measurements with Nafion concentrations ranging from 0.2 mg/ml to 1.0 mg/ml. The SLS measurements were calibrated using benzene as the primary standard. All the measurements were carried out at 25.0+0.5 o C.
TEM observations
A copper grid with 400 mesh carbon film (CF400-Cu, Electron Microscopy Sciences, Inc., PA) was floated on the top of the surface of a drop of 0.6 mg/ml Nafion solution for 12 hr. Thus a thin film of Nafion solution was covered on the surface of the copper grid. The copper grid with a thin film of a Nafion solution was frozen immediately in a liquid nitrogen container at a temperature of ~ -190 o C for 4 hr. The solvent of the frozen Nafion thin film on the copper grid surface was dried under vacuum at -130 o C for 5 hr. The copper grid with a dried Nafion film on its surface was then immersed in 0.5 M Pb(NO 3 ) 2 aqueous solution for 5 min to stain the sulfonic acid groups of Nafion, and then dried at room temperature. The copper grid was then rinsed with deionized water and dried at room temperature. TEM observations were performed on a Hitachi model 7500 TEM at an accelerating voltage of 75 kV.
